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l. INTRODUCTION

Modern neuroscience research often relies on experiments using small animals such as mice and insects. For
example, flying insects possess highly capable visual systems that perform complex, real time calculations to
modulate flight control (see Olberg et al., 2007, and references therein). The study of insect visual processing during
the past half century has provided rich insight into biological information processing strategies.

Measuring the weak extracellular electrical activity produced by neurons (typically in the range of 100 pV - 1
mV) or electromyograms (EMGs) in muscles (typically in the range of 1-10 mV) by traditional means has required
large rack-mounted amplifiers and data acquisition systems. Due to the long wires connecting electrodes to remote
amplifiers, most electrophysiology experiments must be performed inside a Faraday cage to achieve acceptable signal
quality. Animals must be head-fixed or tethered during these experiments, which restricts the simultaneous study of
neural activity and behavior.

As electronics have been miniaturized, efforts have been made to create small, lightweight amplifiers and wireless
transmitters to permit electrophysiological monitoring during free behavior. Early designs used discrete components
to provide analog telemetry of EMG signals from large flying moths (Kutsch et al., 1993; Kuwana et al., 1999).
Simple RF beacons have been used to track dragonfly migration (Wikelski et al., 2006). More recently, integrated
circuits have been used to increase functionality (e.g., stimulating neurons in flying moths [Mavoori et al., 2004; Daly
et al., 2009]). To facilitate more sophisticated investigations into the neural control of behavior, we have developed
an integrated circuit capable of amplifying two neural signals and two EMG signals from extracellular electrodes,
digitizing these signals, adding parity bits for error detection, and wirelessly transmitting the digital information while
operating from small, low-mass batteries.

This project was divided between Reid Harrison’s lab at the University of Utah (Salt Lake City, Utah) and
Fabrizio Gabbiani’s lab at Baylor College of Medicine (Houston, Texas). All chip and circuit development was done
at the University of Utah, which was the lead institution on this grant. All insect experiments were performed at
Baylor College of Medicine under a subcontract.

Il.  TELEMETRY SYSTEM DESIGN

Integrated Circuit Design

We designed a custom integrated circuit for the telemetry system in a commercially available 0.6-um BiCMOS
(bipolar/complementary metal-oxide semiconductor) process. Using low-mass batteries imposes severe power limits
on the design of the chip: small batteries have low capacities and high internal resistance; pulling too much current
can cause a battery’s voltage to collapse immediately, regardless of its capacity. After testing many battery types, we
opted to use 1.5V silver oxide batteries (Energizer 337) having a mass of 130 mg each and a volume of 29 mm®,
While these batteries have a stated capacity of 8.3 mAh, drawing 1 mA from the battery reduces its capacity to 3
mAh. Currents greater than 2 mA cause large drops in battery voltage and cannot be used. We use two batteries to
provide a 3.0V supply.

Four fully-integrated low-noise amplifiers (see Fig. 1) are used to boost and filter the neural and EMG signals
obtained from differential electrodes. Three operational transconductance amplifiers (OTASs) used in the circuit are
current-mirror OTASs designed for low-noise operation by proper sizing of differential pair and current mirror
transistors (Harrison and Charles, 2003). The gain of the first stage is set by the C,/C, ratio; the second-stage gain is
set by C4/C,4. Bias generators set the high-frequency cutoff (through Gy,; and Gy,;) and low-frequency cutoff (through
Gma) of each amplifier. The G, OTA was placed in the second stage so its noise contribution is attenuated by C,/C,
when referred to the input (Harrison, 2008). The gain of the EMG amplifiers was set to 100; the gain of the neural
amplifiers was set to 1000. Measured CMRR (common-mode rejection ratio) at 1 kHz (averaged across 10
amplifiers) was 74 dB; PSRR (power supply rejection ratio) was 63 dB.

A 9-bit successive-approximation register (SAR) analog-to-digital converter (ADC) with capacitive digital-to-
analog converter (DAC) is used to digitize the amplified waveforms. A state machine controls an analog multiplexer
and samples the neural signals at a faster rate (11.52 kS/s) than the slower EMG signals (1.92 kS/s). The ADC also
samples (at 1.92 kS/s) three auxiliary input pins that are used to interface a commercially-available 3-axis MEMS
accelerometer (Analog Devices ADXL330) with the chip to provide information on insect movement. The sampling
rates are set by a low-power crystal oscillator using an off-chip 11.0592 MHz quartz crystal and drawing only 65 pA
from the supply. For every 9-bit sample a parity bit is added to permit error detection. Frame marker bits are added,
and the resulting 345.6 kb/s serial bit stream is passed to an on-chip frequency-shift keying (FSK) transmitter (see
Fig. 2). Table | summarizes the dynamic range, bandwidth, sampling rate, and input-referred noise of each channel.



The core of the 920-MHz transmitter is an LC oscillator that uses a thick top metal layer to build a low-loss 26 nH
inductor L, (Q ~ 11). The use of a tank with a high LQ product, along with vertical npn transistors (Q; and Q,)
providing a high g,/I ratio with relatively low parasitic capacitance allows this circuit to oscillate reliably with a bias
current of only 180 pA. Small MOS varactors (M,) are used to create a 600 kHz frequency deviation in response to a
binary input. To save power, a phase-locked-loop (PLL) was not implemented and the oscillator operates in open
loop. The measured frequency drift with supply voltage was -2.8 ppm/mV. The batteries have a very flat discharge
curve, so frequency drift over time is measureable but not severe. A differential RF output stage with on-chip drain
inductors and series capacitors is connected to an off-chip dipole antenna. Off-chip 56-nH inductors are used to
improve radiation from the electrically short dipole. A die photograph of the 2.57 x 2.48 mm? chip is shown in Fig. 3.

System-Level Design

Chips were packaged in a molded plastic 28-lead 5x5 mm? QFN (quad flat, no leads) package and mounted on a
13x9 mm? printed circuit board (PCB) along with battery holders, accelerometer, crystal, and antenna (see Fig. 4).
The complete system with batteries weighs 0.79 g. The chip consumes 880 WA of current and the accelerometer
consumes 320 YA, for a total of 1.2 mA. This limits battery life to 2 h of continuous use. The telemetry system can
be temporarily mounted to an insect using wax, and electrode wires are soldered to the PCB.
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Figure 1. Schematic of low-noise biopotential amplifier. Figure 2. Schematic of 920-MHz FSK transmitter. Varactors (M,) shift
Operational transconductance amplifiers (OTAs) are designed the resonant frequency of an open-loop negative-resistance LC oscillator.

according to Harrison and Charles, 2003.



920 MHz oscillator ~ RF amplifier XTALoscillator
TABLE I. TELEMETRY CHANNEL SPECIFICATIONS
ADC Input-
Data Band- | Sampling Max. ADC Referred
Channel width Rate Range Viss Noise
Neural 300Hz- | 11.52kS/s | *1.2mV | 4.69uV | 2.3 HVims
Amps 1,2 | 5.2kHz
EMG 20Hz- 1.92 kS/s +12mV | 46.9uV | 25 UV
Amps 1,2 280Hz
Acceler. DC- 1.92 kS/s +3.0g 15.6mg | 7.8 MQms
X,Y,Z | 500Hz (X.Y)
9.8 MQrms
@
'19=9.81m/s?
Low-noise biopotential amplifiers 9-bit SAR ADC
Figure 3. Die photo of 2.57 x 2.48mm? insect telemetry chip,
fabricated in a 0.6-um BiCMOS process.
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Figure 5. (a) Extracellular recording of spiking activity from neuron
MDT1 in the dragonfly nerve cord, using wired commercial amplifier
(red) and wireless telemetry system (blue). (b) Close-up comparison of
three spikes.



IIl. EXPERIMENTAL RESULTS

Recording from Dragonfly Nerve Cord

In a side collaboration with Dr. Anthony Leonardo at the Howard Hughes Medical Institute’s Janelia Farm
Research Campus (JFRC) in Ashburn, Virginia, we performed initial tests of the telemetry system by recording neural
activity from the target selective descending neuron MDT1 in the ventral nerve cord of a restrained dragonfly. A
single 1.2 MQ tungsten electrode was simultaneously monitored using a conventional wired amplifier (AM Systems
3600, 40 kHz sampling) and a neural amplifier channel from the wireless telemetry unit (see Fig. 5). The data
matched very closely. A background noise level of 11.5 pV,y,s was observed using the wired amplifier, while 12.1
MVms Was observed using the wireless telemetry unit (over a bandwidth of 300 Hz to 5 kHz). These results were
valuable for confirming reliable and accurate operation of the system with real insect neurons.

Recording from Freely Jumping Locust

At Baylor, Gabbiani’s group used the telemetry system to investigate the transformation of sensory signals into
motor commands leading to escape behaviors. Such transformations play a pivotal role in the generation of behavior
and much work, both in vertebrates and invertebrates, has focused on characterizing how the spike trains of sensory
neurons may determine the motor output of an organism (Mountcastle et al. 1975; Newsome et al., 1988; Trimarchi
and Schneiderman, 1993; Lewis and Kristan, 1998; Edwards et al., 1999; van Hateren et al., 2005; Santer et al.,
2006; Marsat and Pollack 2006; Lima and Miesenbdck 2005; Korn and Faber, 2005; Ishikane et al., 2005; De
Lafuente and Romo, 2005; Gu et al., 2008; Cohen and Newsome, 2009; Nienborg and Cummings, 2009). In
particular, both the mean number of spikes, and firing rate thresholds in sensory neuron populations were implicated
in determining behavior (Camhi and Levy, 1989; Cook and Maunsell, 2002; Roitman and Shadlen, 2002). Yet, the
precise algorithms used by the brain to initiate specific motor sequences and the size of the neuronal pools involved
remains under debate.

Collision avoidance and escape behaviors are critical for survival. Specialized neural circuits implementing them
have been studied in several species (Wang and Frost, 1992; Graziano et al., 1994; Wicklein and Strausfeld, 2000;
Yamamoto et al., 2003; Preuss et al., 2006; Olivia et al., 2007; Fotowat et al., 2009). In locusts, the third neuropil in
each of the two optic lobes contains an identified neuron, the lobula giant movement detector (LGMD) that responds
specifically to objects approaching on a collision course in its associated visual hemifield, or their two-dimensional
projection: looming stimuli (Hatsopoulos et al., 1995; Schlotterer, 1977; Rind and Simmons, 1992; Judge and Rind,
1997; Peron and Gabbiani, 2009). (A ‘neuropil’ is a region of the nervous system where synaptic connections are
formed between branches of axons and dendrites or cell bodies.) Each LGMD synapses in the brain onto the
descending contralateral movement detector (DCMD) neuron, such that their spikes are in one-to-one
correspondence (Rind, 1984; Killmann and Schurmann, 1985). In response to looming stimuli the firing rate of these
neurons gradually increases, peaks, and rapidly decreases before expected collision (Gabbiani et al., 1999). Similar
response profiles have now been described in neurons of wide-ranging species (pigeon: Sun and Frost, 1998; frog:
Kang and Nakagawa, 2006; fish: Preuss et al., 2006; fruit fly: Fotowat et al., 2009). In locusts, this response profile
is robust to a broad spectrum of stimulus changes, suggesting that it may play an important role in the generation of
escape behaviors (Gabbiani et al., 2001).

From the brain, each DCMD axon projects through the contralateral nerve cord to motor centers involved in
jump and flight steering (O’Shea et al. 1974; Simmons, 1980). In particular, the DCMDs make both direct and
indirect synaptic contacts with the Fast Extensor Tibia (FETi) motoneuron of the hind leg, and indirect connections
to the flexor tibia motoneurons (Burrows and Rowell, 1973; Pearson et al., 1980; Pearson and Robertson, 1981).

The involvement of DCMD activity in jump escape behaviors has been studied, but its role remains unclear
(Fotowat and Gabbiani, 2007; Burrows, 1996; Santer et al., 2005). Up to now, it was impossible to record
simultaneously from the DCMD and motoneurons during freely executed, visually guided jump escape behaviors.
Consequently, it was not possible to observe how sensory and motor activities are related on a trial-by-trial basis. To
achieve this goal, we used the telemetry system built at the University of Utah (described above). This system was
sufficiently small that locusts could carry it as a backpack (see Fig. 6) and still respond to looming stimuli by
jumping.



"IETZVE >

vxt
‘ 100° Stimulus angular size, 6 I/lv| = 80 ms 1320
*
DCMD Take-off
| 250 spk/s _ Firing rat v\_f

| $pikes!! L A0 0 10 000 WL LU0 OO0meCn 0 W00 MO O G

|200 UV Extraﬁﬂufarreﬁcrding I | I || IIUlII'

Extensor muscle
125 spkis Firing rate e

-1
Spikes PECETEEEEE FEern e e i

| 1mV Extracellular recording lm%W’UL\r\NMJMh‘W——

Flexor muscle

—— ——eee

125 spk/s Firing rate T
\4mV Spikes CEEETEEEEEE EE e ereeee ey
Extracellular recording i
f e

‘ 49, Vertical Acceleration —J/\r

1,000 -900 -800 -700 -600 -500 -400 -300 -200 -100 0
Time relative to collision (ms)

Figure 7. Neural, muscle, and acceleration recordings obtained during jump behavior using wireless telemetry. Time markers and corresponding
video frames for the onset of co-contraction, its end (triggering), and take-off are indicated with ¥, ¥, and ¥, respectively; < marks the final
angular size. The timing of the Initial and Final Joint Movements (IJM and FIM) are marked by the symbols [ + ] (see Results). Co-contraction
starts before, and take-off occurs after the peak (*) DCMD firing rate (TRC= Time Relative to Collision). The shaded area around the DCMD
spikes corresponds to the time period over which they were counted for further analysis (see Results). The right and left bounds of the shaded
area are the co-contraction onset and take-off time, respectively. Peak vertical acceleration marked by a ®. Top left inset: Schematics of the
stimuli. Discs of radius | approaching at constant speed v subtend an angle 0 at the retina. By convention v<0 for approaching objects and t<0
before collision (bottom axis). (v X t) is the distance of the object to the eye.



Results

Our digital telemetry system allowed us to monitor simultaneously the sensory and motor activity evoked by
looming stimuli during collision avoidance behaviors. The simulated objects were black discs on a bright
background with various size to speed ratios, I/|v|, where | is the disc radius and |v| the approach speed. The size to
speed ratio, in units of time, determines the stimulus angular size, 6(t), since by trigonometry the tangent of 6/2 is
the ratio of | to the object’s distance (v X t; Fig. 7). Equivalently, I/]v| is the time remaining to collision when the
stimulus subtends 90° on the retina. Thus, the faster the stimulus approach speed, |v|, the smaller I/|v|. Looming
stimuli were always presented on one side of the animal so that a single DCMD neuron was stimulated.

Energy storage starts before, and take-off occurs after peak DCMD firing rate

Fig. 7 shows a trial in which a locust jumped in response to a looming stimulus. Spikes from the DCMD, the
Fast Extensor Tibiae (FETi) and flexor motoneurons were obtained by extracellular recording from the contralateral
nerve cord, the hind leg extensor and flexor muscles, respectively. The time course of the vertical acceleration was
measured by an on-board accelerometer. The locust jump is a complex behavior, consisting of several distinct
phases, during which the animal orients itself away from the approaching object using its middle legs and stores the
energy required for take-off in the elastic elements of its hind legs (Burrows, 1996; Santer et al., 2005). By
monitoring the position of the hind leg femur-tibia joint, we previously showed that after an initial flexion of the
tibia, the joint moves to align the leg parallel to the body (initial joint movement, 1JM; Fotowat and Gabbiani, 2007).
Subsequently, the flexor and extensor muscles contract simultaneously to store the mechanical energy required for
the jump (co-contraction). This leads to a final femur-tibia joint movement (FIM), which is followed by cessation of
activity in the flexors (triggering) that allows energy release and take-off. Looming stimuli with I/|v| values larger
than 40 ms led to jumps before the expected collision time. As illustrated in Fig. 7, locusts started to accelerate
towards the end of co-contraction, with the peak vertical acceleration occurring immediately after triggering (mean:
5.8 gn, SD: 1.3; number of locusts, n_ = 3, number of trials, ny = 20). During co-contraction the flexors and extensors
fired fairly regular spike trains (mean ISI: 14 ms, CV: 0.69, n_ = 4, ny = 54), and the number of their spikes were
highly correlated (p=0.8, p <10®). The DCMD firing rate gradually increased, peaked, and sharply decreased before
projected collision, as observed in fixed animals (Fotowat and Gabbiani, 2007). Fig. 7 shows that the co-contraction
phase started before the DCMD firing rate reached its peak (mean: 169 ms, SD: 49, n_ = 3, ny = 24), whereas take-
off occurred afterward. This was the case in every trial for all animals (Fig. 8A).

Which aspects of the motor and sensory activity determine the timing of the jump? We found that the time at
which the co-contraction ended (triggering) was highly correlated with take-off (p = 0.95, p<10”°). Moreover, this
correlation exists regardless of I/]v|, since the partial correlation coefficient between these two variables controlling
for I/|v| remained high (ppart = 0.94, p<10®). On average take-off occurred 36 ms after triggering (SD: 15, n_ = 4, ny
= 29; Fig. 8B, dashed line) and 90% of the variance in the timing of take-off could be explained by the timing of
triggering. At the sensory level, we found that the timing of the DCMD peak firing rate and take-off were highly
correlated as well (p = 0.87, p<10®) and that the partial correlation coefficient between these variables controlling
for 1/|v| also remained high (ppart = 0.73, p=9.2x10®). Locusts took off on average 70 ms (SD: 13) after the DCMD
firing rate peaked, regardless of the stimulus size to speed ratio (Fig. 8C, dashed line) and the timing of the peak
accounted for 75% of the variance of the take-off time. Whereas the timing of the DCMD peak significantly affected
the timing of take-off, it could not affect the timing of co-contraction onset, which always occurred earlier.

Comparison of sensory-motor activity in trials with and without jump

Not all looming stimuli led to a final take-off. Thus, locusts jumped with a median probability of 32%. The jump
probability was significantly reduced compared to that of animals without a telemetry backpack (Fotowat and
Gabbiani, 2007; median: 64%, pxwr=0.003). Fig. 9 shows a trial in which the same locust as in Fig. 7 did not jump.
It started preparing by co-contracting its hind leg flexor and extensor muscles. However, compared to jump trials,
the co-contraction started late, such that after a few spikes in the extensor the looming stimulus reached its full size,
the DCMD firing rate declined, and the co-contraction ended. This was the case in 85% of trials without take-off,
whereas in the remaining 15% the co-contraction failed to initiate altogether.
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contraction data.
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Across animals, we found that the co-contraction onset occurred significantly earlier relative to collision in jump
trials (Fig. 10A), whereas the timing of the DCMD peak itself did not change (Fig. 10B). Thus, while the DCMD
peak time predicts the time of take-off, it fails to predict its occurrence. Since co-contraction started earlier in jump
trials, the number of extensor spikes was also significantly higher (Fig. 10C). In contrast, there was no difference in
the total number of DCMD spikes between jump and no-jump trials (Fig. 10D), although the peak DCMD firing rate
was higher in jump trials. However, we found that if we started counting the DCMD spikes from co-contraction
onset rather than stimulus onset (shaded areas in Figs. 1 and 3), their number was significantly higher in jump trials
(Fig. 10E). Furthermore, the number of DCMD spikes from co-contraction onset was highly correlated with the
number of extensor spikes (p = 0.73, p< 10°°, Fig. 10F), such that on average 4.3 DCMD spikes led to one extensor
spike (SD: 2.1 spk). To test for a causal relation between the DCMD and extensor firing rates following co-
contraction onset, we designed looming stimuli that abruptly stopped in mid-course and resumed their looming
immediately thereafter. This often caused the DCMD firing rate to peak twice: once before and once after the abrupt
motion cessation (in 13 out of 17 trials, n_ = 3). Under these conditions, the firing rate in the extensor faithfully
tracked that of the DCMD in 10 of these 13 trials. Of the remaining 3 trials, 2 failed to elicit extensor spikes, while
the last one elicited spikes only after the second DCMD peak.

Which motor or sensory attribute best predicts the occurrence of a jump? To address this question we trained a
naive Bayes classifier to discriminate between jump and no-jump trials based on various sensory and motor
attributes (Fig. 11). The number of extensor spikes predicted the occurrence of a jump with an accuracy of 70% (SD:
7%). The time of co-contraction onset did even better (83%, SD: 4%). On the sensory side, the number of DCMD
spikes after co-contraction onset had a similar accuracy (82%, SD: 6%). In contrast, DCMD attributes computed
before co-contraction onset consistently performed poorly. Although several other attributes predicted the
occurrence of a jump, none did as well as the time of co-contraction onset or the number of DCMD spikes after co-
contraction onset. In particular, the variability of the DCMD spike train, as embodied by the standard deviation of its
inter-spike interval (ISI) distribution, could predict a substantial fraction of the jumps, but it did not improve the
prediction accuracy given by the number of DCMD spikes after co-contraction onset. On the other hand, adding
information about the mean or SD of the DCMD ISl to the number of extensor spikes, significantly improved the
performance of the classifier (Fig. 8C, attributes 7 and 8). It is therefore likely that the increase in the number of
DCMD spikes (and a concurrent decrease in the mean and SD of the ISI) results in better summation of these spikes
in the FETi and other thoracic interneurons.

Co-contraction is triggered a fixed delay after a threshold DCMD firing rate

We next asked which aspect of the DCMD firing pattern could play a role in triggering the co-contraction. Both
the timing of co-contraction (Fig. 10A), and a threshold in the DCMD firing rate vary linearly with I/|v| (Gabbiani et
al., 2002). We therefore investigated whether a threshold in the DCMD firing rate could trigger the co-contraction
using three different approaches. First, we presented locusts with looming stimuli stopping at various final sizes.
Stopping the stimulus at smaller final sizes allowed us to reduce excitation to the DCMD before it peaks, and
therefore manipulate its maximum firing rate (Gabbiani et al., 2005). Fig. 12A shows the DCMD and extensor
muscle activity evoked in response to such stimuli. At the lowest final size no extensor spikes where recorded.
Increasingly larger final sizes caused a concurrent increase in the DCMD maximal firing rate and the number of
extensor spikes. While final angular size was not always a strong predictor of the occurrence of co-contraction, the
probability distribution of the DCMD maximum firing rate for trials with co-contraction was shifted to larger firing
rates compared to trials without co-contraction (Fig. 12B). Using a linear discriminant, we could predict with an
accuracy of 83% the occurrence of co-contraction based on whether the maximum DCMD firing rate exceeded 248
spk/s. Second, in a subset of these trials (nt = 9, n_.= 6) only one or two extensor spikes were recorded after the
stimulus had stopped and the DCMD had reached its maximum activity. Thus, the maximum DCMD activity in
these trials, 300 spk/s on average, was just above the threshold required to trigger the co-contraction (SD: 72). This
value is close to that suggested to trigger collision avoidance in flight (Santer et al., 2006) and not significantly
higher than that estimated using a linear discriminant (t-test, p = 0.073). Furthermore, in these trials the average
delay between the maximum DCMD firing rate and the start co-contraction was 36 ms (SD: 23).
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As a third approach for assessing the role of a DCMD firing rate threshold in triggering co-contraction, we
carried out a correlation analysis on the data recorded in trials with full stimulus expansion. We hypothesized that if
the co-contraction is triggered a fixed delay after a threshold DCMD firing rate is reached, the value of the firing
rate at that delay must be independent of I/lv|. Consistent with this hypothesis, the DCMD firing rate and the
stimulus size to speed ratio were uncorrelated 40 ms prior to co-contraction onset (Fig. 12C). The firing rate at this
delay did not significantly change with I/|v| (pxwr=0.6) and had an average of 225 spk/s (SD: 73; Fig. 12D), close to
the values predicted by the two other methods considered above. Taking into account the observed variability, we
conclude that the co-contraction is triggered approximately 40 ms after the DCMD approximately exceeds a firing
rate of 250 spk/s.

Using data from the same experiments, we next checked that the total number of DCMD spikes from trial start to
co-contraction onset was only weakly correlated with the time of co-contraction (p = 0.07, p = 0.6). This result is
also consistent with a change in DCMD firing rate immediately before co-contraction onset, such as a firing rate
threshold, being more critical than accumulation of spikes over the entire trial. The trial-by-trial correlation of the
firing rate threshold time with that of co-contraction onset was high (p =0.6, p < 10°) and predicted 36% of the
variance of co-contraction onset. Furthermore, this correlation value decreased by 1/3 when we randomly shuffled
these two variables across trials (p = 0.39, p = 0.01; mean over 100 shuffles, SD: 0.07) and was significantly smaller
than that obtained without shuffling (p = 0.001, z-test). These results also suggest that a DCMD firing rate threshold
plays a trial-by-trial role in determining the onset of co-contraction, but that other neurons may contribute as well.

To quantify the steepness of the threshold, we plotted the extensor firing rate as a function of the DCMD firing
rate and computed the DCMD firing rate change resulting in the extensor sweeping from 5 to 25% of its peak rate.
On average the corresponding relative DCMD firing rate change amounted to ~5% and was thus approximately 4
times steeper than that of the extensor (20%).

Recording from Loosely-Tethered Flying Locust

We have begun investigations to detail the mechanisms of collision avoidance in flying animals. For this purpose
we set up a wind tunnel, two recording cameras to track the animals as they fly and a video projector which together
with a rear projection screen allows us to present looming stimuli to the animals (Fig. 13).

Top Camera
Screen

Flight Chamber

Stimulus/
Data Acquisition
Computer

B
Top Camera

Red Lighting

Side Camera

Figure 13. Side views of the wind tunnel and of the equipment used to film the animals. A. Left view (relative to the direction of wind flow)
showing the position of the projection screen on the side opening of the test chamber, the top camera and the data acquisition computer. B. Right
view showing the second camera and lightening equipments. We typically use red light as it is not perceived through the motion detecting
pathways of the animal.
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Figure 14. Stimuli generated on the rear projection screen simulate the approach of a disc on a collision course. They are referred to as looming
stimuli. The x-axis represents time during a trial and the y-axis the size of the object on the screen.
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Figure 15. Animal's trajectory during a looming stimulus presentation. A depicts the animal's position along the direction of object approach. In
this case the animal is steering away from the object. The top and bottom red lines denote the boundaries used to define collision avoidance
behaviors and the gray shaded areas refer to the epochs of Fig. 14. B illustrates the trajectory in the direction of wind flow and C the trajectory in
the vertical direction.

The time course of an experiment is schematized in Fig. 14. We record a movie of the animal during free-flight
at a rate of 500 images/s during 4.5 s. Next, a looming stimulus is presented to the animal ("encounter™) and at the
end of its expansion an additional second of data is acquired. Following an experiment, the three-dimensional
trajectory of the animal is reconstructed from the video images along the three cardinal axes of the flight chamber
(Fig. 15). We consider that a collision avoidance behavior has occurred when the animal's trajectory crosses a
boundary along each of the axes that is defined as twice the maximal excursion of the animal along that axis during
free flight. An alternative representation consists in plotting two-dimensional projections of the trajectory, as
illustrated in Fig. 16. Such plots shows that the animal steered away from the object, dived and increased its flight
speed. The simultaneous use of several escape strategies was typical of our subjects, as illustrated in Fig. 17.

Fig. 18 illustrates the timing of the collision avoidance behaviors relative to the stimulus epochs, showing that
they typically occur during the object approach sequence. We are currently investigating the aerodynamical
mechanisms underlying the collision avoidance behaviors. Fig. 19 illustrates one example, where we can clearly
identify a wing flapping asymmetry in the forewings around the time of the collision avoidance behavior, suggesting
that this change in wing kinematics may be responsible for the collision avoidance behavior.

These preliminary results show that we can reliably generate collision avoidance behaviors in the wind tunnel
and analyze their properties in view of relating them to the neural activity generated by the DCMD neuron. We
have used the wireless telemetry system in preliminary experiments to observe wing muscle EMGs (and
corresponding body acceleration) during loosely tethered flight in a low-speed wind tunnel (see Fig. 20). Muscle
activity in the right and left wing depressor muscles occurs in synchrony with the wing beats (and corresponding
body acceleration) at approximately 18 Hz during flight (see Fig. 21).
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Figure 16. Two dimensional plots of the animal's trajectory along all three subset of cardinal axes. Same experiment as in Fig. 15.
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Figure 17. A. Histogram of the collision avoidance behaviors generated by three locusts that were presented repeatedly with looming stimuli. The
possible escape behaviors are bank away or towards the stimulus, speed up or slow down and climb or dive. B. Histogram of the number of
responses simultaneously generated by a locust during a single trial. The majority of trials contain more than one collision avoidance behavior.
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Figure 19. Trajectory of the left and right forewing tips in the vertical plane around the time of a collision avoidance behavior (vertical dashed

red line).
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Figure 20. Photograph of live wireless data acquisition from locust Figure 21. Data obtained wirelessly from a loosely tethered locust
flying in wind tunnel. Wing beats are visible in EMG traces (center, flying in a wind tunnel. Onset of 18 Hz wing beats is observed in the
left of finger). High-speed video of locust is synchronized to two wing EMG traces (top) and acceleration trace (bottom).

telemetry data.

IV. DISCUSSION

Using a novel miniature telemetry system, we were for the first time able to record simultaneously the sensory
and motor activity contributing to the execution of a complex, multi-stage escape behavior in freely behaving
animals. Our results suggest that the DCMD neuron contributes to multiple aspects of this behavior through several

distinct attributes of its time-varying firing rate.

As collision becomes imminent, the DCMD plays an increasingly important role in the preparatory events
leading to the jump. Thus, early on, we found little evidence for an involvement of the DCMD in the initial
preparatory movements. Indeed, animals with a sectioned nerve cord still carried them out, albeit with increased

variability.
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Timely start of energy storage, through co-contraction of flexors and extensors, was critical for the successful
execution of escape responses (Fig. 10A). In experiments where looming stimuli stopped at different final sizes, a
DCMD firing rate threshold accurately predicted the occurrence of co-contraction. However, only 36% of the
variance of co-contraction onset in experiments with the largest final angular size could be predicted from that of the
DCMD firing rate threshold on a trial-by-trial basis. This suggests that other neurons play important roles as well. In
the meta-thoracic ganglion, the DCMD makes bilateral excitatory connections with the FETi motoneuron (Hoyle
and Burrows, 1973). The DCMD also makes excitatory connections with the C interneuron, which in turn co-excites
the FETi and flexor motoneurons, and is thought to play an important role in triggering co-contraction (Pearson and
Roberston, 1981). Proprioceptive feedback also affects its onset (Burrows and Pfliiger, 1988). Therefore, our
findings about the role of the DCMD in triggering co-contraction and take-off are consistent with its known
anatomical connections with the downstream motor circuitry.

After the start of co-contraction, we found a very strong correlation between the number of DCMD and extensor
spikes (Fig. 10C). Moreover, this correlation was higher for trials with a smaller mean DCMD ISI, suggesting that
the summation of DCMD-evoked EPSPs in the FETi motor neuron occurs more reliably. Finally, the FETi firing
rate followed faithfully that of the DCMD. Thus, co-contraction onset appears to act as a switch that triggers faithful
transmission of DCMD spikes to the FETi motoneuron. Previously, DCMD spikes alone have been thought
incapable of generating spikes in the FETi motoneuron (Burrows and Rowell, 1973; Rogers et al., 2007). In those
studies, the peak DCMD firing rate was however lower than the threshold we report for triggering co-contraction.
The DCMD neuron was more active in our experiments most likely due to: (i) increased arousal in freely behaving
animals (Rowell, 1971b); (ii) increased ambient temperature; (iii) pre-selection of locusts that responded readily to
looming stimuli (typically one third of the animals). Additionally, the EPSPs from the DIMD presumably summated
with those of the DCMD (Burrows and Rowell, 1973).

We could predict 75% of the trial-to-trial variability of the jump time from the DCMD peak firing time. The
remaining variability could be due to activation of other neurons by the DCMD, such as the bilaterally paired M
interneurons, which are thought to contribute to the inhibition of the flexor motoneurons (Pearson et al., 1980). The
time course of the decay in firing rate of the DCMD following its peak, which likely contributes to the end of co-
contraction (Fotowat and Gabbiani, 2007), could also contribute to the variability in the take-off time. Other sources
of variability could be the DIMD, other ipsi and contralateral descending looming sensitive neurons, other local
interneurons, and sensory feedback from leg proprioceptors (Gynther and Pearson 1989; Jellema and Heitler, 1999).

Finally, we found that the number of DCMD spikes from co-contraction onset was highly predictive of jump
occurrence. A classifier trained on the number of DCMD spikes from co-contraction onset performed even better
than one trained on the number of extensor spikes. This points to the fact that the DCMD activity controls jump
execution not only through activation of the leg extensor motor neurons, but also through other factors, such as the
onset of flexor inhibition, for example.

In conclusion, the transformation of sensory activity into the motor program leading to jump in response to
looming stimuli relies at least on three distinct attributes of a single neuron’s time-varying discharge: a firing rate
threshold, the peak firing rate time and the number of spikes from a specific trigger event (co-contraction onset).
This ‘multiplexing’ of motor-related information in a sensory neuron’s response could not be evidenced in earlier
experiments where behavior and electrophysiology were carried out separately (Fotowat and Gabbiani, 2007).
Recently, the generation of a few spikes in a single neuron, or of single spikes in a sparse set of neurons, was shown
to be capable of producing behavior in rodents (Houweling and Brecht, 2008; Huber et al., 2008). It is not known,
however, how the time-course of these neuronal activities correlates with the observed behavior. Working in a
system where much of the implicated neuronal circuitry has been identified allowed us to study how visual
responses contribute to distinct motor phases of an ongoing behavior. Moreover, we could study how variability in
the sensory response affects the final motor output on a trial-by-trial basis. We expect that miniature wireless
telemetry will contribute to the study of sensorimotor integration during free behavior in other species as well.

Table Il summarizes the measured performance of the miniature wireless telemetry system. Fig. 22 shows the
custom RF receiver with USB interface built to collect the wireless data. An audio port allows for real-time
monitoring of neural or EMG signals over headphones during experiments. The small size and low mass of this
device will enable new experiments in the study of the neural control of behavior.

15



TABLE II. TELEMETRY TRANSMITTER MEASURED PERFORMANCE

Supply voltage 3.0V receive antenna
Supply current (chip only, without accelerometer) 0.88 mA
Supply current (complete system, with 1.2mA frequency
accelerometer) display
Transmit frequency 920 MHz RSSIdisplay
FSK modulation depth 600 kHz
Telemetry data rate 345.6 signal strength
kb/s ; LED indicator
- - —— audio volume
Telemetry range (using low-gain, omnidirectional ~2m i ¢
receive antenna) requency
Total system mass (including PCB, accelerometer, 0799 select knob
crystal, batteries)
Battery life 2h
USB cable (to PC) — audio port

Figure 22. Custom wireless telemetry receiver with USB interface to
PC.

Figure 23. First-generation wireless telemetry system weighing 790 mg (left); next-generation system weighing 266 mg (right).

V. NEXT-GENERATION WIRELESS RECORDING SYSTEM

With the assistance of additional funding from the Howard Hughes Medical Institute’s Janelia Farm Research
Campus (JFRC), we developed a next-generation wireless recording system that is much smaller and lighter than the
first-generation system used in the experiments shown above. This new system, shown in Fig. 23, is being phased
into wind tunnel experiments at Baylor. The second-generation chip runs from a 1.5-V supply, requiring only one
Energizer 337 battery. While the new chip transmits two neural and two EMG signals as the original chip, no
commercial accelerometers work below 1.8 V, so acceleration signals are not available on the new telemetry system.
This new system was finalized in 2010.
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